Using infrared imaging from the Herschel Space Observatory, observed as part of the Very Nearby Galaxies Survey, we investigate the spatially resolved dust properties of the interacting Whirlpool galaxy system (NGC 5194 and NGC 5195), on physical scales of ∼ 1 kpc. Spectral energy distribution modelling of the new infrared images in combination with archival optical, near-through mid-infrared images confirms that both galaxies underwent a burst of star formation ∼370-480 Myr ago and provides spatially resolved maps of the stellar and dust mass surface densities. The resulting average dust-to-stellar mass ratios are comparable to other spiral and spheroidal galaxies studied with Herschel, with NGC 5194 at log(M dust /M ) = −2.5 ± 0.2 and NGC 5195 at log(M dust /M ) = −3.5 ± 0.3. The dust-to-stellar mass ratio is constant across NGC 5194 suggesting the stellar and dust components are coupled. In contrast, the mass ratio increases with radius in NGC 5195 with decreasing stellar mass density. Archival mass surface density maps of the neutral and molecular hydrogen gas are also folded into our analysis. The gas-to-dust mass ratio, 94 ± 17, is relatively constant across NGC 5194, although there is some suggestion that it decreases radially but not significantly above our uncertainties. Somewhat surprisingly, we find the dust in NGC 5195 is heated by a strong interstellar radiation field, over 20 times that of the ISRF in the Milky Way, resulting in relatively high characteristic dust temperatures (∼ 30 K). This post-starburst galaxy contains a substantial amount of low-density molecular gas and displays a gas-to-dust ratio (73 ± 35) similar to spiral galaxies. It is unclear why the dust in NGC 5195 is heated to such high temperatures as there is no star formation in the galaxy and its active galactic nucleus is 5-10 times less luminous than the one in NGC 5194, which exhibits only a modest enhancement in the amplitude of its ISRF.
The fundamental building blocks of a galaxy -its stars, gas and dust -are expressed across its spectral energy distribution (SED). Hot gas (> 10 6 K) emits brightly at very short wavelengths in the X-Ray and ultraviolet (UV), while neutral and molecular gas are seen through emission lines primarily studied in the submm and radio. Young stellar populations dominate the UV and blue visible light of a galaxy and ionize gas leading to numerous emission lines in the UV, optical and infrared. Evolved stars peak at longer wavelengths in the red visible and near-infrared regime. At longer wavelengths and lower energies, mid-infrared light traces very small (<0.01 µm) dust grains and small organic molecules known as polycyclic aromatic hydrocarbons (PAHs) and far-infrared light traces re-processed stellar light emitted by dust grains. Multi-wavelength studies provide the synergy to compare these components and move toward building models that incorporate all the building blocks of a galaxy.
Standard stellar population techniques can tell us how much stellar mass is in a galaxy, its metallicity, the amount of dust attenuation and can even shed light on the history of star formation within a galaxy. Fundamentally, stellar emission models are built from the superposition of multiple simple stellar populations where assumptions regarding the IMF and stellar evolution lead to systematic but known uncertainties (Conroy et al. 2009 ). On the other hand, modelling the dust emission in a galaxy is not yet as evolved. Most dust emission models or templates (Dale & Helou 2002; Galliano et al. 2011 ) measure the total dust mass and some (Desert et al. 1990; Draine & Li 2007; Compiègne et al. 2011 ) the relative abundance of various dust emission components (eg. PAHs, very small grains and big grains). Fundamental to these models is the mechanism for dust heating, primarily provided by the interstellar radiation field (ISRF) produced by stars, although active galactic nuclei (AGN) can also play a role in nuclear regions.
Nearby galaxies offer unique laboratories to explore how dust emission is tied to the underlying stellar populations in the context of standard SED modelling techniques. The post-interacting Whirlpool galaxy system was observed as part of the Very Nearby Galaxies Survey (VNGS; PI Christine Wilson), a guaranteed-time photometric and spectroscopic survey of a diverse range of 13 nearby galaxies with Herschel's Photodetector Array Camera and Spectrometer (PACS; Poglitsch et al. 2010) and Spectral and Photometric Imaging Receiver (SPIRE; Griffin et al. 2010) instruments.
This system consists of the diverse galaxy pair of NGC 5194/M51a, a spiral SABbc type galaxy, and NGC 5195/M51b, a dusty spheroid galaxy whose peculiar dust lanes have given it an SB0p classification (de Vaucouleurs et al. 1995 ). An encounter between the two galaxies 300-500 Myr ago is inferred from both kinematic (Salo & Laurikainen 2000) and hydrodynamic modelling (Dobbs et al. 2010 ) of the M51 system. In agreement, a recently constructed color-magnitude diagram of its individual stars, measured using Hubble Space Telescope archival images, suggests a burst of star formation occurred 390-450 Myr ago in NGC 5195 (Tikhonov et al. 2009 ). Star formation also peaked around 380-450 Myr in the spiral NGC 5194 and has continued until the present day. While star formation is ubiquitous and ongoing across NGC 5194/M51a as shown by its ∼ 9 600 HII regions (Lee et al. 2011 ) and optical colors (Tikhonov et al. 2009 ), the spheroid neighbor NGC 5195 shows no evidence of recent star formation through a deficiency of ionized gas (Thronson et al. 1991) . This is further supported by evidence for dynamically stable molecular gas, which is unable to form stars. Kohno et al. (2002) measured both CO(1-0) and HCN(1-0) in the galaxy and found an HCN-to-CO intensity ratio 5-15 times smaller than that seen in starburst regions (Helfer & Blitz 1993; Kohno et al. 2002) and 5 times smaller than that usually found in spiral disks (Helfer & Blitz 1995; Kohno et al. 1999) , indicative of a lack of dense molecular cores.
This paper takes advantage of a large multi-wavelength dataset encompassing observations of the stars, dust and gas at a common spatial resolution to try to decode the star formation history of the galaxy and how it has impacted the dust and gas properties. Our ultimate goal is to present a story of these components in the context of the interaction and star formation history of the system. Our observations and the steps involved to match the spatial and surface brightness distributions are given in §2. We apply standard SED fitting techniques to the dust and stars separately but do so on a pixel level in order to map any gradients and spatial dependencies of the parameters. The models, our fitting procedure and output parameter maps are all presented in §3. We provide dust-to-stellar and gas-to-dust mass maps and 1D radial plots in §4 and discuss how the observed dust properties relate to the stellar and gas properties of the system.
OBSERVATIONS AND IMAGE PROCESSING
Our multi-wavelength analysis includes twenty images of the Whirlpool system, and thus exploits the great efforts of a number of large legacy surveys. In this section we provide a summary of the archival observations and describe our new Herschel observations from the Very Nearby Galaxies Survey (VNGS). A number of steps were taken to ensure each pixel represents a common measure of surface brightness. We have opted to exclude the 500 µm image as a compromise for higher spatial resolution. Boselli et al. (2012) demonstrate that for late-type spiral galaxies the SPIRE FIR colours are tightly correlated and the 500 µm band is not necessary to constrain a dust model. In addition, because our analysis hinges on comparing a large number of observations (4000 pixels in 20 images) to large libraries of stellar and dust models, we require satisfactory signal-to-noise levels in each pixel to determine parameter likelihoods. In this section we describe image processing steps and discuss our efforts to accurately quantify uncertainties in postprocessed images.
Adopted Galaxy Parameters
For our analysis we use a common distance of 9.9 ± 0.7 Mpc (Tikhonov et al. 2009 ), although a wide range of distances (anywhere from 6-10 Mpc) can be found in the literature (e.g. 8.4 Mpc from Feldmeier et al. 1997 is often used). This latest distance is from HertsprungRussell diagram matching using individual red giant stars seen in HST archival images. We also measured our own aperture and galactic center for each galaxy based on constant stellar mass density rather than surface brightness. Our apertures, shown in Figure 1 , were defined at a constant stellar mass of 50 M pc −2 and ensured that neither galaxy's aperture overlapped. When total mass estimates are measured for each galaxy, it is the sum of pixels within this aperture. No aperture corrections are applied extending to larger galactic radii because beyond our chosen apertures, the galaxies begin to blend. For this reason, mass surface density ratios are more relevant to our analysis. We also use the apertures to define an effective radius, r eff , in order to measure 1D radial profiles of mass densities and other derived SED properties. Our effective radius is defined as
where a is the semi-major axis, b is the semi-minor axis, and r 2 app = a 2 + b 2 . The position angle, P.A., is measured east from north. These parameters are given for reference in Table 1 and shown in Figure 1 imposed on a Spitzer /IRAC 3.6 µm image of the galaxies.
Far-infrared data
The VNGS observed the Whirlpool system with Herschel /PACS at 70 µm and 160 µm and Herschel /SPIRE at 250 µm and 350 µm. Images at each wavelength at their native resolution are shown on the left column of Figure 2 . More details on the observational setup can be found in Bendo et al. (2012) .
The PACS images were processed using both HIPE v5 and SCANAMORPHOS v8 13 . To account for changes in calibration from HIPE v5 to HIPE v6, the 70 and 160 µm images were divided by factors of 1.119 and 1.174. The PACS images were converted to Jy sr −1 from Jy pix −1 with platescales of 2 and 4 for the 70 µm and 160 µm images respectively.
The SPIRE images were processed using HIPE and BriGAde as described in Smith et al. (2012) . The final SPIRE maps were created using the naïve mapper provided in the standard pipeline with pixel sizes of 6 and 8 at 250 µm and 350 µm. The FWHM of the SPIRE beams for this pixel scale are 18.2 and 24.5 at 250 µm and 350 µm (Swinyard et al. 2010 ). In addition, the 350 µm data are multiplied by 1.0067 to update our flux densities to the latest v7 calibration product. The sky background in each image is measured using 10 pixel wide boxes surrounding the system. For all of our Herschel /PACS and Herschel /SPIRE images, we subtracted the median value of the sky region pixels as we found values that were on order 1-2 σ higher (in the case of PACS images) or lower (in the case of our SPIRE images) than the standard deviations in the background pixels. All images are matched to a common resolution using kernels created from the PSFs from Aniano et al. (2011) . They measured azimuthally averaged empirical PSFs for the Herschel instruments. The images were all convolved to a matched gaussian PSF (FWHM=28 ) slightly higher than the SPIRE 350 µm image to ensure the power in the non-gaussian beam of SPIRE is conserved to the assumed gaussian beam . All images are remapped to a common platescale of 10 pix −1 using the WCS tools program remap 14 . The resulting processed images are shown in the middle panel of Figure 2. 2.3. Optical and near/mid-infrared data Our optical (B V R I Hα) and mid-infrared (IRAC 3.6, 4.5, 5.6, 8 .0 and MIPS 24 µm) observations come from the Spitzer Infrared Nearby Galaxies Survey (SINGS; Kennicutt et al. 2003) . Near-infrared JHK imaging is from the 2MASS Large Galaxy Atlas survey (Jarrett et al. 2003) . All images are converted to units of Jy sr −1 and we account for loss of light due to foreground dust attenuation from the Milky Way using the extinction values provided by NED 15 using maps from Schlegel et al. (1998) for all bands up to and including the IRAC 3.6 µm image.
We replace emission from foreground stars (in 10 diameter apertures) with the median value of emission of the pixels contained in its surrounding annulus (4 wide). The stars are identified from the 2MASS Point Source catalogue. In order to ensure we do not remove any HII regions belonging to the galaxy we only remove point The best-fit model images from Draine & Li (2007) match the images at 160 µm and 250 µm to within ∼10%, but underestimate emission in some regions of the 70 µm (top) and 350 µm (bottom) images by over 20%. convolved to match the PSF (FHWM=28 ) of our other observations. Middle: the CO(1-0) image from the Nobeyama 45 m telescope (Koda et al. 2011) converted to an H 2 mass surface density image. Right: Total gas mass surface density image is created by summing the two left images. All images are in units of M pc −2 and are shown on the same intensity scale. Molecular gas dominates the gas emission in the central area of the galaxy and along the spiral arms. To convert to total gas mass surface densities, a 1.36 scaling is required to account for helium.
sources with mid-infrared to optical light ratios comparable to stars, taking the criterium that the 8 µm surface brightness cannot be greater than 1.5 times the R-band surface brightness. If the ratio is higher, I 8 /I R > 1.5, the point source is an HII region (identified by its bright PAH emission at 8 µm) within the galaxy and is not removed.
Also, we correct for any constant in the sky background in each image by placing 10 boxes, each 10 pixels wide throughout the sky in each image. If the median in this background value is larger than the standard deviation across the boxes, we subtracted this constant from the image. The narrowband Hα image (not continuum subtracted) was the only image which required this step. Finally, we convolve the images with appropriate kernels to our chosen common resolution of 28 assuming gaussian PSFs for the optical and near-infrared images. The FWHMs of the PSFs for the optical images are 2.0 , 1.9 , 1.6 , 1.9 , and 1.8 for the B, V, Hα, R, and I bands respectively. For the NIR images, the FWHM of the PSFs are 3.3 , 3.2 , and 3.5 for the J, H, and K bands.
The Spitzer images are convolved to a 28 gaussian using kernels from Aniano et al. (2011) . The FWHMs of the Spitzer images are 1.90 , 1.81 , 2.11 , 2.82 and 6.43 for the IRAC 3.6 µm, 4.5 µm, 5.6 µm, 8.0 µm and MIPS 24 µm images respectively. All images are remapped to a common platescale of 10 pix −1 using the WCS tools program remap 16 . For reference, we have included images of the galaxy in each band, before and after image processing in the appendix of this paper.
2.4. Neutral and molecular gas Imaging of the neutral gas is provided by the HI Nearby Galaxy Survey (THINGS; Walter et al. 2008) . Already in units of M pc −2 , we match plate scales and convolve the beam assumed to be a gaussian of FWHM=6 to a 28 beam to match our other observations. Molecular gas observations at CO(1-0) from the Nobeyama 45 m telescope (Koda et al. 2011) (Wilson et al. 2009 ) to convert the CO intensities to an H 2 gas mass surface density. This image is then convolved from a 22 beam to a 28 beam to match all of other observations as well as changing the platescale to 10 pix −1 . Both images of the gas mass surface densities are shown in Figure 3 . The sum of both the neutral and molecular gas is shown on the right. All images are multiplied by 1.36 to account for helium and thus represent the total, not just hydrogen, gas in the galaxy. We use the total gas mass surface density in our comparisons to the stellar and dust mass surface densities.
Uncertainties and qualifying signal-to-noise criteria
We generally considered two types of uncertainties in each pixel value of each image: the error due to the uncertainty in the sky background and also the calibration uncertainty. The uncertainty in the sky background is measured in each image after background subtraction and convolving to lower spatial resolution by selecting ten 100 wide boxes throughout the image. The standard deviation in the median value of the pixels in each box leads to our uncertainty in the sky background. Calibration uncertainty is taken from the various instrumental handbooks or survey description papers. Calibration uncertainties in the optical data are assumed to be 5%, except for a 10% uncertainty in the narrowband Hα image. Both 2MASS and Spitzer images have calibration uncertainties on the order of 3%. Uncertainties for Herschel observations are 3% and 5% at 70 µm and 160 µm and 7% at 250 µm and 350 µm. In addition, error maps of the Herschel images were also included in the analysis. These images were processed to a common spatial scale as the images above by taking the square root of the convolution of the square of the error image with the square of the kernel. Furthermore, the error images were matched to the 10 /pix platescale. Uncertainties in each For comparison, we also show the best fitting modified greybody (dashed green curve) for both examples and give their characteristic temperatures and dust mass. Note that the dust and stellar SEDs have not been added together and neither SED was constrained by the IRAC images at 3.6 µm and 4.5 µm.
pixel were added in quadrature to produce a combined error map at each bandpass.
We want to include as many pixels in our analysis as possible and at the same time exclude regions in which the majority of pixels have low signal-to-noise (S/N) levels. A fit to the SED of a pixel was performed if at least 5 bands had S/N> 3 in the optical/near-infrared data from B through K-band. We also required S/N> 3 in at least 3 bands for the infrared data from 5.6 µm to 350 µm. In practice this selection was dominated by the relatively less sensitive infrared data; every pixel which satisfied the infrared criteria had S/N> 3 in all optical bands.
SED LIBRARIES AND FITTING RESULTS
Although models exist (eg. Devriendt et al. 1999 , da Cunha et al. 2008 , Noll et al. 2009 , Popescu et al. 2011 which describe both stellar and dust emission together, they tend to be either computationally expensive (requiring many fitted parameters and slow codes computing the uncertainties in these parameters) or lack the most up-to-date SEDs. Unlike today's common stellar population synthesis (SPS) codes -PEGASE.2 (Fioc & Rocca-Volmerange 1997) , GALEXEV (Bruzual & Charlot 2003) ) and FSPS (Conroy et al. 2009 ) -these selfconsistent stellar and dust emission codes are not extensively tested and their use is not widespread. For this reason, we opt to fit the stellar SED and dust SED components separately. This approach is similar to that of Noll et al. (2009) but by considering both components separately we can fit the SED at a much faster speed; this is primarily out of necessity since we are dealing with a very large dataset (20 images with 4000 pixels each). The downfalls of this approach are first that energy is not necessarily conserved from the optical to IR (such that the re-processed infrared emission is linked to the ionizing radiation provided by the stellar populations), something that both MAGPHYS (da Cunha et al. 2008) and CIGALE (Noll et al. 2009 ) do achieve and second the near-to mid-infrared regime from ∼ 1 − 5 µm where both dust and stellar emission is significant cannot be used to constrain the fit. However, because both premain-sequence and post-main-sequence stellar emission is not well calibrated in the SPS models at these wavelengths, nor is PAH emission, it is not ideal to fit this regime in any case.
In our method, we first fit our B through K band photometry to stellar emission models using standard SPS codes as we describe in §3.1. Using the predicted stellar emission from these fits, we are able to subtract stel- lar emission from the mid-infrared images at 5.6 µm and 8.0 µm. As we will describe in §3.2, we then fit the 5.6 through 350 µm images to the mid-through far-infrared dust emission models from Draine & Li (2007) (hereafter DL07), as well as fitting a single temperature modified blackbody model.
Stellar SEDs
A number of codes exist for a user to generate a model galaxy SED. The choice of parameters and assumptions that are entered into the codes can lead to systematic differences in the output parameters. Stellar masses are most robust and can be predicted to within 0.2 dex (Muzzin et al. 2009; ) and often to higher precision if near-infrared photometric bands are included, although masses will vary systematically depending on the choice of initial mass function (IMF). Other parameters tend to have larger dispersions across different codes (Muzzin et al. 2009 ). If uncertainties in the inputs (such as evolutionary isochrones, stellar libraries, binary fraction) of the code are considered, then masses are only good to within ∼0.3 dex . For a more intensive discussion on systematic differences and known uncertainties of SPS models, the reader is referred to papers by Muzzin et al. (2009) and Conroy et al. (2009 .
In this study we take a more empirical approach and try to compare the best fit model SED parameters to information from other observations and independent studies. For example, we have some prior knowledge regarding the star forming history of the system based on isochrones (which have some of the same uncertainties as those found in SPS codes) fit to individuals stars, most recently from Tikhonov et al. (2009) . They indicate an enhancement in star formation around 400 Myr ago in both galaxies. Independently, previous dynamical studies of the system provide a consistent temporal view of the system. The motions of gas and stars in the galaxies suggest at least one encounter between the two galaxies 300-500 Myr ago from two independent studies from Salo & Laurikainen (2000) and Dobbs et al. (2010) . This prior knowledge of the star formation history could be used to constrain our fitting, but instead we have opted to keep the star formation history (SFH), stellar population ages and dust attenuation as free parameters to see how they compare to these independent studies.
Our stellar libraries are generated by the extensively tested PEGASE.2 (Fioc & Rocca-Volmerange 1997) code and are an extension of work done in Glazebrook et al. (2004) and Mentuch et al. (2009) and include four metallicities: Z= {0.004, 0.008, 0.02, 0.05}. We assume no evolution in the metallicity and no gas infall, although this is likely not the best explanation for NGC 5195 in particular since it appears to be accreting material from NGC 5194. Our adopted IMF is that of Kroupa (2001) . The SFH is modelled as a sum of a continuous star forming population described by a tau exponential and an additional burst of star formation whose amplitude and age are both free parameters. The SFH of the continuous population is modelled as an exponentially decreasing function of time (exp −t/τ ), parameterized by an e-folding timescale of τ = {100, 500, 1000, 5000, 500000} Myr where 100 Myr is a short burst of star formation or roughly a simple stellar population and the largest timescale of 500 Gyr represents a constant star formation history. The burst component is modelled as a tau-exponential with τ = 100 Myr. The time since the star formation Left: The age of the old stellar population is log t = 9.9 ± 0.2. Middle: Age of the burst component. A secondary star formation burst period happened 300-600 Myr ago. Right: The mass fraction of the secondary burst component relative to the older primary stellar population is ∼ 5 − 15% throughout the galaxy. Note that the deviation from pixel to pixel tends to be less than the uncertainty in the parameters indicating that at the spatial scale of our analysis (28 ), the stars are well mixed.
burst is allowed to be an additional parameter and was given the largest range and sampling at steps of 50 Myr from 50 to 1000 Myr and then steps of 250 Myr from 1 Gyr to 5 Gyr and then steps of 500 Myr from 5 Gyr to 13 Gyr. The age of the galaxy could be anywhere between 1 Gyr and 13 Gyr with fairly high temporal sampling as well. The mass of the burst compared to the mass of the continuous star forming population (CSP) ranged as log (M burst /M CSP ) = {−3, −2, −1, −0.75, −0.5, −0.25, −0.1, 0, 0.1}. Thus, the burst SSP could be anywhere from 0.001 to 1.25 times the mass of the primary CSP.
As we did not include UV observations in this analysis, the nuances of the 2175Å bump did not have to be considered in the choice of a dust attenuation law. We opted to use the Milky Way dust attenuation curve from Pei (1992) and only considered a screen type geometry of the dust. This law, compared with those of Calzetti et al. (1994) and Charlot & Fall (2000) for example, more accurately describes the dust attenuation of stars in the Milky Way (Indebetouw et al. 2005 ) observed in the nearand mid-infrared (Mentuch et al. 2010) . Curves that represent starburst galaxies (Calzetti et al. 1994; Charlot & Fall 2000) incorrectly model the dust attenuation because they have not accounted for non-stellar emission that is quite large in star forming regions (Mentuch et al. 2010) which becomes significant at wavelengths beyond ∼1 µm (Mentuch et al. 2009 ). The amplitude of the dust attenuation was an additional free parameter ranging from A V = 0 − 2 mag in steps of 0.25 mag.
We place the modelled galaxies at a distance of 9.9 Mpc to match the system's distance and integrate the synthetic SEDs across each observed band's filter response curve to get theoretical band fluxes. A least-squares comparison between observed and modelled band fluxes in each pixel selects the best fit model from our suite of stellar models to our BV IRJHK maps. The stellar mass in each pixel is inferred from the least-squares normalization of the model to observed band fluxes.
Following standard Monte Carlo error simulations, our errors are derived for individual parameters by running our fitting routine one hundred times, each time allowing the pixel values in each band to sample the gaussian probability distribution of each measurement. The uncertainty, or 1 σ spread in the gaussian distribution, accounts for calibration uncertainty, sky background limitations and other uncertainties as described in §2.5. The mean and standard deviation of the best fit parameters from all trials lead to our best estimate parameter value and its uncertainty in each pixel. Figure 4 shows four examples of fits to individual pixels in different regions of NGC 5194/5. The purple curve shows the best-fit SED to the B-K pixels. The large decrease in amplitude from the nuclear region of NGC 5194 (top-left) to the arm regions (top-right and bottom-left) is due to a decrease in stellar mass density. Overall we find that the models fit the observations to better than 10% and are consistent with the observations within our estimated uncertainties. In an appendix, we show quality of fit images for the optical, near-and mid-infrared images. Consistently we have very good fits of the stellar emission, with χ 2 reduced ∼ 1 for most of NGC 5195 and χ 2 reduced ∼ 0.5 − 1 for NGC 5194. Only the Hα image (which we don't use to constrain the SPS model) is slightly mismatched. We have simplified the SFH in the model to consist of just two components. But we know that for NGC 5194, it consists of at least two continually star forming episodes: one old stellar population and then one that has been forming stars since at least its encounter with NGC 5195 and likely before given its gas fraction and bulge-disk ratio. But our simplified SFH only consists of one continually star forming population and then a burst population. Because the current star formation is not being accounted for properly, neither is its associated emission in the Hα narrowband image.
Maps of the stellar mass surface density and fractional uncertainties (M , rms/M , avg) are shown in Figure 5 . On average, stellar masses in each pixel can be found to a precision of 0.1 dex based on our Monte Carlo simulations. The distribution of stellar mass radially decreases from the nuclear regions of both galaxies and there is a slight enhancement of stellar mass along the spiral arms in NGC 5194. -The left panel displays a map of metallicity across the NGC 5194/5195 system showing increased metallicity in the centers of both galaxies, relative to larger radial distances. The stellar mass surface density of the system is shown in contours. Uncertainties on this parameter tend to be quite high as can be better seen in the 1D radial plot of metallicity for NGC 5194 shown on the right. Grey points are for individual 30 pixels and the purple points are the pixels binned radially The metallicity tends to decrease with radial distance consistent with results from Moustakas et al. (2010) . Their abundance measurements are calibrated using two methods. Here we show best-fit lines to the radial abundance profile derived using two different calibration methods: the Kobulnicky & Kewley (2004) calibration method in dashed red and the Pilyugin & Thuan (2005) calibration method in dotted blue.
Star formation history parameters: In Figure 6 we give radial plots of parameters describing the star formation history (SFH) of the system. The profiles go out to a radial distance of 295 for NGC 5194 and 115 for NGC 5195. Beyond these radii the two systems significantly overlap. The left panel shows the age of the old stellar population. There is no significant radial dependence and both systems have similar old stellar population ages of log t [yr] = 9.9 ± 0.2. Thus, the age is not well constrained for the system, ranging from ∼7-10 Gyr. Somewhat reassuringly, the SED fits reveal, as we show in the middle panel of Figure 6 , that there was an increased episode of star formation across the system. For the inner radius of 295 of NGC 5194 we find a burst occurred 3.8 ± 0.9 × 10 8 yrs ago and for the inner 115 of NGC 5195 the average time since the burst is 4.2 ± 0.8 × 10 8 yrs ago, consistent with the dynamical models of Salo & Laurikainen (2000) and Dobbs et al. (2010) , and the color-magnitude diagrams of individual red giant branch stars seen by HST (Tikhonov et al. 2009 ). Our analysis suggests the fraction of mass, relative to the primary population, formed in the burst in NGC 5194 is 0.12 ± 0.05 and in NGC 5195 is 0.10 ± 0.05. A radial profile of the burst fraction for both galaxies is shown in the right panel of Figure 6 and again, no spatial dependence is found.
Metallicity: While the SFH parameters are generally well mixed in the galaxy at the spatial resolution of this work (∼ 1 kpc), the metallicity of the stars shows a trend of decreasing metallicity values with radius. In Figure 7 , we show a map of the metallicity, where the metallicity transitions from being super solar in the nuclear regions of both galaxies (topping out at Z=0.05, our maximum fitted metallicity value), to being near solar (Z=0.02) on the outer galaxy edges. The uncertainty from our Monte Carlo simulations is quite large because of the poor sampling of this parameter available by PEGASE.2.
The right plot shows the 1D radial profile of the metallicity for NGC 5194. Our results are consistent, but not as precise, with radial metallicity profiles from Bresolin et al. (2004) and Moustakas et al. (2010) who also find metallicity decreases with radius in NGC 5194. Most late-type galaxies exhibit decreasing metallicity gradients (Moustakas et al. 2010) , whose slopes depend on the calibration method to convert line strengths to abundances and differ from galaxy to galaxy. Both Bresolin et al. (2004) and Moustakas et al. (2010) measured the metallicity radial profile in NGC 5194 using abundances derived from optical spectroscopy of HII regions. We convert the best-fit abundance profiles from Moustakas et al. (2010) to a metallicity radial profile (assuming Z = 0.02) using the value for solar metallicity (12 + log(O/H) = 8.69 ± 0.05) from Asplund et al. (2009) . Moustakas et al. (2010) use two calibration methods to convert line strength to chemical abundances. We plot both calibration methods in Figure 7 . The red dashed line has been converted following the Kobulnicky & Kewley (2004) calibration method and the blue dotted line following the Pilyugin & Thuan (2005) calibration method. Our values lie somewhere in the middle, but the same trend in decreasing metallicity is seen. Systematic offsets result from our assumed solar metallicity as well as the calibration method. The reader is referred to Moustakas et al. (2010) for more precise metallicity results.
Dust attenuation: SPS models also include a parameter that quantifies the intrinsic dust attenuation. Figure 8 shows a radial plot of the dust attenuation for each galaxy. There is enhanced dust attenuation in the central regions of both galaxies which decreases with radius from 0.5 mag of visual dust attenuation in the center down to about 0.2 mag. For comparison we plot the radial profile of dust extinction for NGC 5194 measured in the near-UV by Muñoz-Mateos et al. (2009). We convert from A(NUV) to A(V) using a factor of 3 based on the dust extinction models of Pei (1992) and Draine (2003) but caution that this attenuation ratio is sensitive to the UV bump at 2175Å and can range anywhere from ∼ 2.4 to 3.3. The dashed orange lines on Figure 8 demonstrate the systematic uncertainty due to this conversion factor. Error bars show the precision in the measurement from Muñoz-Mateos et al. (2009) which is more precise than ours and generally higher. Dust attenuation is modestly underestimated likely because of exclusion of UV and Uband data in our analysis.
Dust SEDs
We use the modelled stellar maps of the galaxy to subtract the contribution of stellar emission from our midinfrared images of the IRAC 5.6 µm and 8.0 µm bands. These resulting images, which probe emission related to polycyclic aromatic hydrocarbons (PAHs), and our other infrared (24-350 µm) images are fit using the twocomponent emission model put forth by Draine & Li (2007) (hereafter DL07) as well as a conventional single temperature modified blackbody component.
Draine and Li 2007 dust models
DL07 model the mid-through far-infrared emission due to PAHs, very small dust grains and larger dust grains expressed as a function of the underlying interstellar radiation field (ISRF). The dust is assumed to consist of a mixture of carbonaceous grains and amorphous silicate grains, with size distributions that are consistent with the observed wavelength-dependent dust attenuation in the local Milky Way (Weingartner & Draine 2001) , and allows for varying PAH abundances. The infrared emission is a function of the illuminating radiation field which in this model is assumed to come from two components. Most of the emission comes from diffuse dust heated by the ISRF. The bulk of the dust mass in a galaxy is in this component. A second component represents emission from photodissociation regions (PDRs) where massive star formation creates much stronger radiation fields, leading to relatively higher emission at shorter infrared wavelengths. The diffuse ISRF is scaled to match the spectrum of the ISRF of the MW. The amplitude of the diffuse ISRF is a fitted parameter, U min , normalized to the amplitude of the ISRF of the MW. The radiation field of the PDR component consists of a range of energies from U min to U max , where U max can be an additional fitted parameter and U min is the ISRF of the diffuse component. We opt to fix U max = 10 6 U MW as showed that it was not a highly sensitive parameter and that most galaxies from the SINGS survey were fit well by this fixed value parameter.
Our model library consists of MW type dust models from DL07 and varies in U min from 0.1 − 25×U MW . The relative contribution of the secondary PDR component is quantified by the parameter, γ, and ranges from 0.001 to 1 times the primary ISM component. An additional parameter quantifies the mass fractional contribution of PAH emission, q PAH , in the mid-infrared region of the SED with following range of values: q PAH = {0.47, 1.12, 1.77, 2.5, 3.19, 3.9, 4.58}%. Finally, we convert the SEDs from units of per hydrogen nucleon to units per dust mass assuming M dust /M H = 0.01.
As with the stellar SEDs, model band fluxes are generated by integrating the PACS and SPIRE filter response functions over the model SED. The SPIRE filter curves were multiplied by a normalized λ 2 function to convert the response curves from those defined for point sources to those of extended source emission. A least-squares fit is done between the observed bands from 5.6 µm to 350 µm to obtain the best fit parameters. Again, average best fit parameter values and uncertainties are measured from 100 Monte Carlo simulations of the probability distribution of the photometry. The dust mass in each pixel is inferred from the least-squares normalization of the model to observed band fluxes.
Overall, the fits reproduce the 5.6-350 µm emission fairly well, leading to χ 2 reduced = 1 − 2 over much of NGC 5195 and the central 200 aperture of NGC 5194. Outside of r=100 , the quality of fits degrades, resulting in χ 2 reduced > 10. This can be seen in the disagreement between models and observations at 70 µm and 350 µm in Figure 2 . The right panel shows the quality of fit of the model, defined by the following equation:
In general we find that the models underestimate the emission at 70 and 350 µm by as much as 20% but at all other wavelengths the photometry and models match to better than 5% over most of the galaxy.
The dust mass surface density map is shown in Figure 9 along with the fractional uncertainty in deriving the parameter. The dust mass is fairly well constrained by the models with the parameter having less than 10% uncertainty over most of the galaxy. The dust mass is better constrained by the dust models than the stellar mass is by SPS models because of the smaller variation in the mass-to-light ratio of dust emission. Unlike the stellar mass map (Fig. 5) , there is more spatial structure in the dust mass which is particularly enhanced along the spiral arms, similar to the mass distribution seen in the molecular gas in Figure 3 . NGC 5195 does not show a radially decreasing profile as seen in its stellar mass map but still does contain a fair amount of dust in its vicinity and there is some indication of central concentration. If we consider the higher spatial resolution images from 70 µm-350 µm in Figure 2 , we observe that the thermal dust emission is very peaked, which could suggest that the dust is concentrated. However, the main reason for this is not that the dust mass is higher, but rather the illuminating radiation is much more intense and concentrated, leading to the peaked infrared emission seen in the infrared images.
The left panel in Figure 10 shows the U min parameter map of the amplitude of the diffuse ISRF component. The ISRF in NGC 5195 is extremely high, up to 25 times that of the ISRF in the Milky Way. Over most of NGC 5194 the ISRF is very close to the Milky Way value (∼2-3 U MW ), but increases by a factor of 7-15 U MW along the spiral arms. The nuclear region is also higher by a factor of 10 U MW . Our formal fitting uncertainties in this map and the one in the middle of the PDR parameter are quite small (about 5%) indicating the infrared data was quite sensitive to both parameters.
The middle panel shows the fractional contribution of radiation associated with PDR regions, that is regions with intensities as high as 10 6 times that of the MW. The radiation coming from PDR regions in NGC 5194 is concentrated along the spiral arms but not the nuclear region. About 2% of the emission in NGC 5195 can be associated with this type of emission, even though there is no massive star formation providing the radiation. The bright emission seen in the infrared images comes from intense radiation fields, not enhanced dust mass. The high dust heating found in NGC 5195 provides strong support for the dust to be located within the galaxy rather than in front of it. But the question then remains as to what is heating the dust? The stellar density is higher in NGC 5195, but not that much higher than in the bulge of NGC 5194, so there is another mechanism at play. We leave this for later discussion in §4.2 and §4.3.
Finally, our SED fits constrain the PAH emission and is shown in the right panel of Figure 10 . The PAH fraction is the maximum value allowed by the models of 4.58% (and thus could feasibly be higher) across most of the system. The fraction remains high along the spiral arms of NGC 5194 extending out to NGC 5195 but then decreases across NGC 5195 to about half the value (q P AH = 3.35 ± 1.07) where a compact radio source (van der Hulst et al. 1988) attributed to an AGN exists. There is also a small depression in the abundance in the center of NGC 5194, which is a low-luminosity Seyfert 2 nucleus (Terashima & Wilson 2001 ).
Modified black body models
A modified black body model was also fit to the 70 though 350 µm images as:
where M d is the dust mass with a temperature of T d at a distance, D. The emission is expressed as the Planck function, B(ν, T d ), modified by κ ν ∝ ν β . Boselli et al. (2012) indicate that for at least late-type, metalrich galaxies a value of β = 2 appropriately models the . Surprisingly, U min is highest in the post-starburst galaxy, NGC 5195, and is up to 25 times the amplitude of the ISRF of the Milky Way. Middle: Parameter map of the fractional contribution of emission from PDR regions to the total ISRF. The PDR fraction is highest in NGC 5195 even though there is no star formation. Right: Mass fractional contribution of PAH molecules to the total dust mass. Over most of the system, the abundance is 4.58%, the highest allowed in the models. Both nuclear regions show small depressions where both harbor low-luminosity AGN. Fig. 11 .-Dust mass surface density (left) and temperature (right) from single temperature modified blackbody models. Just as with the ISRF parameter, U min from DL07, the dust temperature from modified black body fits is largest in the post-starburst galaxy NGC 5195. Temperatures are slightly higher in the nuclear region and along the spiral arms.
SPIRE infrared colors, but caution that β = 1.5 appears to be more appropriate for less metal-rich, lower surface brightness late-type galaxies in the Herschel Reference Survey (HRS; Boselli et al. 2010) . As a test, we verify that a β = 2 value is sufficient. We performed similar modified blackbody fits allowing β to vary from 1 to 3, but this time fit at lower resolution and include our 500 µm SPIRE image. We found that β = 2.0 ± 0.6 over the whole system.
We normalize for the dust mass at 250 µm with κ (λ=250 µm) = 0.398 m 2 kg −1 , using the opacity function for the Milky Way from Draine (2003) , updated from their dust model presented in Weingartner & Draine (2001) and consistent with the opacity model from the DL07 models. We assumed a single temperature model, although it should be noted that recent results from Herschel (e.g. Bendo et al. 2010a Bendo et al. , 2012 Boquien et al. 2011) suggest such a simplistic model is not appropriate since the dust emitting at < 160 µm is not the same thermal component as the dust emitting at > 250 µm in nearby spiral galaxies.
As above, band fluxes were generated by integrating the model SED over the filter response curves appropriate for extended source emission. The normalization between the model and observed band fluxes gave the dust mass. Even though our models were normalized at 250 µm, the fits themselves were not particularly biased towards this band since our least-squared normalization yields the dust mass not a single band flux. The infrared observations were sufficiently modelled by the single temperature model resulting in χ 2 reduced ∼ 1 over the entire system, even though other galaxies are not so easily described. In fact, single temperature models fit all the images from 70-350 µm as well as the DL07 models if fit to the same band fluxes.
The resulting dust mass distribution, seen in Figure 11 , is fairly similar to the one derived using the DL07 models from our Figure 9 . The temperature distribution also qualitatively matches the ISRF amplitude map from the DL07 models from our Figure 10 . Although the qualitative structure is similar, quantitative pixel-by-pixel comparison of the dust mass shows that systematically modified blackbody masses overestimate the dust mass relatively to the DL07 models at high ISRF values. In the left panel of Figure 12 , the ratio between derived dust masses from the DL07 models and modified blackbody models are shown for each galaxy as a function of the amplitude of the ISRF. At higher ISRF, the light-tomass ratio of the dust is higher. In the central region of NGC 5195 where the ISRF peaks, the dust mass is overestimated by about a factor of 3. Without accounting Fig. 12. -Left: DL07 dust masses relative to single dust temperature dust masses. Right: Dust temperature from modified blackbody fits is compared to the DL07 ISRF parameter, U min . As expected, the two parameters are logarithmically related.
for this variation in the light-to-mass ratio, the modified blackbody masses overestimate the dust mass relative to the DL07 dust masses. This is analogous to the optical regime in which young stellar populations exhibit much larger light-to-mass ratios (particularly in the blue) than evolved populations. We also show the relation between dust temperatures and the DL07 U min from the different models in the right panel. As expected, the two are logarithmically related, although a few values diverge from the trend in NGC 5195.
DISCUSSION
In the previous section, we presented the output parameter maps resulting from the average best-fit parameters from 100 Monte Carlo simulations of the stellar emission and dust emission fitting routine. Here we compare some of the parameters and discuss their implications. First we provide mass comparisons and 1D radial profiles of the stellar, gas and dust mass surface density for both galaxies in §4.1. We then turn our discussion to the relation of interstellar heating of the dust in the context of other properties of the galaxies in §4.2. We focus on the peculiar properties of the post-starburst NGC 5195 with its high amplitude ISRF, ∼30 K central dust temperature and lack of star formation. In §4.3 we synthesize its properties and discuss why it is no longer forming stars despite containing molecular gas.
Mass comparisons

Radial projections and total masses
In Figure 13 , we plot the radial mass surface density profiles of the stars, gas and dust in black points, blue triangles and red squares respectively for NGC 5194 in the left panel and NGC 5195 in the right panel. The effective radius, R eff , is determined using the structural parameters listed in Table 1 . The apertures of both galaxies were chosen at a constant stellar mass surface density of 50 M pc −2 . This threshold ensured that the apertures were not overlapping.
In the spiral galaxy, NGC 5194, the profiles of the stars, gas and dust all show similar slopes, but in NGC 5195, the slope of the stars is slightly steeper and there is no significant slope in the gas and dust distribution. As can be seen in the gas and dust mass surface density plots in Figures 3 and 9 , the gas and dust in NGC 5195 appear to be connected to the spiral arm of NGC 5194, rather than centrally concentrated and coupled to the stellar mass a Total mass in combined system including the mass within both apertures, as well as outside the apertures in the image in which our S/N criteria (see S2.5) was met.
in NGC 5195. Both galaxies reach stellar mass surface densities of over 2000 M pc −2 in the nuclear regions, then decrease radially to values of ∼50 M pc −2 at the edge of the apertures (by definition). The central surface density (in a 30 square region) is only slightly higher in the NGC 5195 at a value of 3490±900 M pc −2 compared to 2980 ± 450 M pc −2 in NGC 5194. The dust mass density in the central region of NGC 5194 peaks just above 2 M pc −2 in the central region, decreasing to 0.75 M pc −2 along the spiral arms and then a constant 0.25 M pc −2 throughout the rest of the system. The dust mass density is comparably lower in NGC 5195 at values near 0.25 M pc −2 , consistent with being an extension of the spiral arm of NGC 5194.
We provide the total stellar, gas and dust masses in each aperture in Table 2 . We also measure the total mass in the combined system, summing up the mass in each pixel over the entire system. A small percentage (< 5%) of the galaxy is missing from these 'total' values as we only added up pixels which satisfied our signal-to-noise criteria (see §2.5) and low surface brightness regions of the galaxy are not accounted for. About ∼ 80% of the gas and dust mass is found in the spiral NGC 5194, with the remaining found outside the aperture. Less than 1% of the gas and 3% of the dust of the total system is located within the aperture defining NGC 5195. The stellar mass is distributed more evenly between the two galaxies with NGC 5194 being twice as massive as the spheroid NGC 5195. The bulk of the stellar mass is found within our defined apertures due to relatively steeper mass profiles. Only about 10% of the stellar mass is located outside the two apertures.
Dust-to-stellar mass ratio
Recall from Figures 5 and 9 which show the stellar and dust mass surface density maps of the system, that the dust mass is slightly more structured than the stellar mass map. In the stellar mass map, there are some enhancements in stellar mass along the spiral arms of NGC 5194, but they are not as pronounced as the spiral arms in the B-band image (which can be found in the appendix) for example or those found in the dust mass map. Both the B-band and dust mass surface density map are enhanced by the younger stellar populations. Because of this, the dust-to-stellar mass ratio, shown in Figure 14 , is a factor of two larger along the arms.
We find an average dust-to-stellar mass ratio of M dust /M = (3.1 ± 1.0) × 10 −3 (or log(M dust /M ) = −2.5±0.2) in NGC 5194. The dust-to-stellar mass ratio is an order of magnitude less in NGC 5195 at M dust /M = (3.6 ± 2.2) × 10 −4 (or log(M dust /M ) = −3.5 ± 0.3). In Figure 15 , the radial profiles of the dust-to-stellar mass ratio is given for both galaxies.
The dust-to-stellar mass ratio of NGC 5194 is consistent with results of other spiral galaxies in the Herschel Reference Survey (HRS; Boselli et al. 2010) which are found to have log(M dust /M ) = −2.59 ± 0.03 ). Both galaxies are consistent with the mass ratio found for a large range of galaxy types, log(M dust /M ) = −2.95 ± 0.68 (Skibba et al. 2011) , from the KINGFISH survey (Kennicutt et al. 2011 ), a Herschel extension of the SINGS survey (Kennicutt et al. 2003) . Furthermore, the late-type NGC 5194 is consistent with late-types in KINGFISH which Skibba et al. (2011) found to be log(M dust /M ) = −2.70 ± 0.53 and NGC 5195 is in line with their findings for the early-type galaxies in the survey with log(M dust /M ) = −3.77 ± 0.83. Early-type galaxies in the volume based HRS show the spheroid population has a lower dust-to-stellar mass ratio with log(M dust /M ) = −4.1 ± 0.1 (Smith et al. 2012) compared to NGC 5195, although a couple of objects do have ratios as high as log(M dust /M ) = −3.5. For clarity, all the comparisons listed here have stellar and dust masses that were derived using a similar IMF (either a Chabrier 2003 or Kroupa 2001 IMF) and dust opacity and do not suffer from systematic offsets in the derived masses.
In comparison to larger volume-based infrared surveys, recent results from the H-ATLAS survey (Bourne et al. 2012 ) reveal that for blue galaxies there is a trend for the dust-to-stellar mass ratio to decrease with stellar mass. They adopt a higher opacity value than ours with κ (λ=250 µm) = 0.89 m 2 kg −1 compared to our choice of κ (λ=250 µm) = 0.398 m 2 kg −1 . For comparison, their dust masses and dust-to-stellar mass ratios need to be shifted up by 0.35 dex. Stellar masses should be roughly consistent as their chosen IMF (Chabrier 2003) leads to stellar masses only 0.03 dex lower than our chosen IMF from Kroupa (2001) . Accounting for this, NGC 5194's dust-tostellar mass ratio is consistent with the blue galaxies from Fig. 14. -A dust-to-stellar mass ratio map with the stellar mass density given in contours at the levels of 50, 100, 200, 500, 1000, 1500, 2000, 2500, 3000 M pc −2 . NGC 5195's dust-to-stellar mass ratio is an order of magnitude smaller than NGC 5194 and increases with radius as the stellar mass decreases.
the H-ATLAS survey (with log(M dust /M ) ∼ −2.8), while NGC 5195 is slightly lower, consistent with the green galaxies in their sample, which it would belong to.
Gas-to-dust mass ratio
The map of the gas-to-dust ratio is shown in Figure 16 , along with the 1D radial profile for NGC 5194. The ratio is fairly constant across NGC 5194 and appears to slightly decrease radially from a value of 105 ± 21 in the inner 60 to a value of 71 ± 27 at a distance of 13 kpc from the galaxy's center. Recalling the metallicity map of the system in Figure 7 and metallicity gradient results from Moustakas et al. (2010) , the metallicity drops by a factor of ∼2 from the central region to our aperture edge. Recent work by Magrini et al. (2011) and Foyle et al. (2012) show that a metallicity dependent X CO conversion factor is needed for regions dominated by molecular gas, which is the case for NGC 5194. Because of the radially decreasing metallicity, such a conversion would cause the gas-to-dust ratio to increase at larger radii leading it to be even more constant across the galaxy as was seen for M83, also observed in the VNGS .
In most cases, when a gradient is found in the gas-todust ratio, it often goes in the other direction, increasing with radial distance and is usually attributed to the galaxy containing a larger extended gas disk relative to its dust disk. This was seen in NGC 2403 (Bendo et al. 2010b ) and in the sample of SINGS galaxies (Muñoz-Mateos et al. 2009 ). However, Muñoz-Mateos et al. (2009) actually find a fairly constant gas-to-dust ratio for NGC 5194 in agreement with our findings.
Heating
Decoupling of dust mass and heating
There is a subtle decoupling between the distribution of the radiation intensities across the system and the dust mass surface density. Although both show spiral structure, when we superimpose them together as shown in the rightmost plot of Figure 17 , it appears that there is a slight offset between the peaks of each quantity. This has been seen already in the nearby spiral M83 , also observed as part of the VNGS, as well as in NGC 4501 and NGC 4567/8 in the Virgo Cluster (Smith et al. 2010) . As in Foyle et al. (2012) , we find the peaks in the ISRF (or dust temperature values) lie downstream of the spiral arm distribution of the dust, assuming a trailing arm rotation of NGC 5194 (counterclockwise).
There are two more obvious discrepancies between the U min map and the dust mass map in the central regions of both galaxies. In the center of NGC 5194, there is an obvious increase in the dust mass density, relative to both the large scale mass density as well as the mass density in the spiral arms. On the other hand, the ISRF is enhanced but only at the same level as the spiral arms. Even though both the stellar, dust and gas mass densities are all increasing, the local ISRF value stays moderately low. This is unlike the central region of NGC 5195 which has extremely high ISRF values (with peak dust temperatures of 30 K), but no relative increase in the dust mass. Although there is less dust in the vicinity of NGC 5195, the dust that is there is quite warm. This is in agreement with measurements of the gas temperature by Kohno et al. (2002) who found that low HCN-CO ratios suggest that the molecular gas in NGC 5195 is quite warm and unable to collapse and form stars.
Ionized gas and the ISRF
In the left panel of Figure 17 , we show the narrowband Hα image with stellar emission subtracted. This was done by calculating the stellar continuum transmitted through the Hα narrowband filter curve using the best-fit SED model without nebular emission included. The strength of the ISRF, as parametrized by U min is shown in contours (and also in Fig. 10) . Qualitatively, the Hα emission and ISRF are spatially correlated in the disk of NGC 5194. They are both enhanced along the spiral arms and in the central bulge region, although Hα is more peaked than the ISRF in the nucleus perhaps due to AGN emission. In contrast, in NGC 5195, there is no detected star formation and hence no Hα emission. We note however, that in optical spectroscopy from Moustakas et al. (2010), a modest amount of Hα emission is detected in the nuclear region at a ∼2σ level that appears to be blue shifted relative to Hα absorption in stellar photospheres. Surprisingly, this is where the ISRF is the brightest in the entire map. In Figure 18 we show a 1D comparison between the ionized gas intensity and the strength of the ISRF determined from the dust emission model fitting. While the ionized gas intensity correlates with the ISRF in NGC 5194, it clearly follows another trend in NGC 5195 where high ISRF values correspond to no Hα emission.
Dust heating in NGC 5195
One of the most interesting findings of this analysis is that the ISRF of the post-starburst spheroid NGC 5195 is up to 20-25 times the characteristic amplitude of the ISRF in the Milky Way despite its lack of star formation. Often high dust temperatures are associated with starbursting and actively star forming galaxies. This is not the case for NGC 5195. The galaxy has a high (29 ± 3 K) characteristic dust temperature in the nuclear region and an average temperature of 23 ± 3 K in the galaxy's aperture. To provide some context, recent results from the H-ATLAS survey (Bourne et al. 2012) indicate that, for blue galaxies in their sample, dust temperatures increase with stellar mass up to a stellar mass of ∼ 6 × 10 10 M reaching a peak dust temperature of ∼ 25 − 30 K and then anti-correlate at higher stellar masses (see their Figure 14) . NGC 5194, a blue galaxy according to their criteria, is consistent with this trend as is NGC 5195. However, NGC 5195 is not a blue galaxy, but is about 0.4 mag redder than NGC 5194 and would thus fall into their green galaxy color bin. In this colour bin, a few galaxies exhibit high temperatures similar to NGC 5195, but their temperatures are poorly determined likely because the dust model used to estimate the temperature was a poor fit to the observations. The typical scenario suggests the redder the galaxy, the cooler the dust temperature, but there are hints, particularly from the large scatter and uncertainty in constraining the temperature, that the transition from blue-to-red galaxy is more complex in the context of dust heating.
As a post-starburst galaxy, NGC 5195 is in a transition from starburst to quiescent. The lack of ionized gas (Thronson et al. 1991) indicates no recent star formation is ongoing but did peak during its close encounter with NGC 5194 ∼ 400 Myr ago. Other signposts that it is in a transition are evident by its low dust-to-stellar and gas-to-stellar mass ratios. Its gas fraction at ∼2% is very low and we show, in Figure 19 , the gas that is in the galaxy appears to mostly be below the empirical threshold observed in the THINGS galaxy survey (Bigiel et al. 2008) at which atomic gas transitions to molecular gas, a requirement for star formation. In this figure we show the stellar mass density as a function of gas mass density in the top panels, with NGC 5194 in the top-left and NGC 5195 in the top-right. The axes are kept on the same scale for each panel to show the different density parameter space in each galaxy. For a given stellar density, the gas density is considerably lower in NGC 5195 and there is a large scatter between stellar mass density and the total gas mass density (purple points). On the other hand, NGC 5194 shows a tighter relation between the total gas (purple) and stellar mass densities and there appears to be a threshold gas density of ∼10 M pc (marked by vertical dashed lines) at which the atomic gas (open red squares) is converted from neutral to molecular (blue plus signs). This threshold was noticed in the Kennicutt-Schmidt (K-S) relations drawn from the THINGS survey in Bigiel et al. (2008) . In their plots they used star formation density on the y-axis and found the same transition from atomic to molecular gas at a fixed gas density of 9 M pc −2 . In the bottom panel, we provide plots analogous to these K-S plots by plotting the intensity of Hα emission (a proxy for star formation rate density) in our narrowband images after subtracting stellar continuum based on our SED fitting. We do not correct for dust attenuation or convert the intensity to SFR density. The reader is referred to Bigiel et al. (2008) who already performed this analysis for NGC 5194. For NGC 5195, no star formation is found in the galaxy so no Kennicutt-Schmidt relation can be observed in this galaxy.
So why is the dust temperature so high? We attempt to shed some light on the mechanism leading to the high temperature observed in this galaxy. Because this galaxy represents a nearby transitional galaxy, studying its resolved multi-wavelength properties can help isolate the source of heating. In the following few sections we will explore some of the possible heating mechanisms: (1) heating from star formation, (2) heating from the evolved stellar population and (3) heating by its active galactic nucleus.
Heating by ongoing star formation: It is clear that the ionizing radiation of young massive stars is not heating the dust as evident by its lack of ionized gas shown in Figure 18 . The pixels in NGC 5195 are all upper limits in Hα so no ionized gas is detected except for a few regions near the edge of the galaxy, at which the emission from NGC 5195 begins to blend with the spiral and the local stellar density is lower.
Heating by the evolved population: Recent studies by Bendo et al. (2012) and Boselli et al. (2012) indicate that evolved stellar population heating plays a strong role in dust heating, although this is most important for lower temperature dust heating at longer infrared wavelength beyond 160 µm. In Figure 20 , we plot the amplitude of the ISRF as a function of stellar, total gas and dust mass density. The ISRF does not correlate with either the stellar, dust or gas mass density. In addition, the bulge in the spiral reaches similarly high stellar mass densities (∼ 3 × 10 4 M pc −2 ) but has a much lower ISRF value compared to NGC 5195, so the enhanced stellar mass density cannot be the primary explanation for the enhanced ISRF observed in NGC 5195.
Heating by its active galactic nucleus: NGC 5195 has a compact radio source in the nucleus (van der Hulst et al. 1988 ) and has spectral indications of harboring an AGN (Moustakas et al. 2010) . In a spectrum presented in covering the nuclear region, a small amount of Hα emission is seen blueshifted relative to Hα seen in absorption, indicative of an outflow of ionized gas (Moustakas et al. 2010) . In our observations, the ISRF is strongly peaked in the nuclear region and is suggestive that the AGN plays a role in heating the dust.
However, it is not completely clear that this is the dominant mechanism heating the dust and/or shutting down star formation. Mid-infrared observations with ISOCAM show a lack of AGN emission lines , where a clear lack of Hα emission is found in the nuclear region. The ISRF is enhanced along the spiral arms, as is Hα emission but does not show an increase in the nuclear regions, in contrast to the Hα emission which is strongly peaked in the bulge. Right: Mass of the dust mass surface density in M pc −2 with contours of the amplitude of the ISRF of the ISM, quantified by U min from DL07 models. While both are enhanced along the spiral arms, there are some noticeable anti-correlations, specifically in the nuclear regions of both galaxies. and rule out LINER activity as the dominant source of mid-infrared emission. Furthermore, NGC 5194 also harbors an AGN and based on equivalent widths and line intensities presented in Moustakas et al. (2010) , the ionized emission associated with the AGN is 5-10 times brighter in NGC 5194. We caution that this comparison is complicated by unknown dust attenuation due to strong Balmer absorption in NGC 5195 (Ho et al. 1995) . Unlike the nuclear region of NGC 5195, the ISRF is only slightly enhanced in the nuclear region in NGC 5194 (see left panel in Figure 17 ), and at the same intensity as is seen in the spiral arms.
Unfortunately none of these mechanisms stand out as the clear heating source. Although evolved population heating appears to be the most likely, with the other two almost ruled out. The stellar mass density is similar in both galaxies so have to conclude that the relatively lower gas and dust fractions in NGC 5195 result in less efficient gas and dust cooling, leading to a relatively higher ISRF.
PAH destruction
Looking back on Figure 10 , the PAH fraction decreases slightly to ∼ 4% in the nuclear region of NGC 5194 due to a low-luminosity active galactic nucleus (Moustakas et al. 2010 ). This is not too surprising. Many studies report (Genzel et al. 1998; Dale et al. 2006 ) the destruction PAH molecules around AGN and within hard radiation fields with PDRs (Boselli et al. 2004; Calzetti et al. 2005; Bendo et al. 2008) . On the other hand, the decrease in PAH fraction in NGC 5195 is interesting. The PAH fraction traces the stellar mass surface density and decreases as a gradient across NGC 5195. One can see in the bottom-right SED of NGC 5195 in Figure 4 that PAH emission is easily detected and is many times the stellar emission at 5.8 and 8.0 µm. So the decrease in the mass fraction of PAHs relative to the total dust mass is not a detection issue. NGC 5195 also harbours an AGN (Moustakas et al. 2010) leading to a lower PAH fraction. -Stellar mass density versus atomic (red squares), molecular (blue plus signs) and total (purple dots) gas mass surface density for NGC 5194 in the top-left and for NGC 5195 in the top-right. Stellar subtracted Hα intensity as a function gas mass surface density is shown in the bottom panels. In each panel, we note the surface density threshold of 10 M pc −2 at which atomic gas converts to molecular gas. Note that some regions in NGC 5195 contain molecular gas at densities lower than this threshold.
But unlike NGC 5194, where the depression is concentrated in the nuclear region, the decrease in PAH fraction across NGC 5195 is a gradient. This may suggest NGC 5195 is accreting gas, dust and PAH material from the nearby spiral arm, but as the PAHs approach the AGN, the fraction decreases.
4.
3. An example of morphological quenching Unlike NGC 5194, the molecular gas in NGC 5195 is found at densities lower than ∼10 M pc −2 . If this threshold marks the density at which atomic gas becomes molecular, then it is likely that the molecular gas has come from NGC 5194 via accretion rather than being formed in situ. In addition to this, the molecular gas that does exist is unable to form stars because of the high stellar density (and thus its gravitational potential). The critical gas density required for the gas to cool and collapse is not satisfied. Modelled as a simple singlefluid Toomre stability model (Toomre 1964) , Kennicutt (1989) show that at higher stellar densities, the molecular gas must reach a higher critical density in order to cool and collapse. This is because localized shear motions from the gravitational potential are greater than the selfgravitational potential of the molecular cloud thus making the gas stable. In regions where the average surface density of gas is less than 5 times the critical density, star formation is completely suppressed (Kennicutt 1989) because the molecular gas does not become dense enough to collapse into cold, dense molecular clouds required for star formation. This scenario is supported by observations of the molecular gas in NGC 5195 by Kohno et al. (2002) . They measured both CO(1-0) and HCN(1-0) in the galaxy and found an HCN-to-CO intensity ratio 5-15 times smaller than that seen in starburst regions (Helfer & Blitz 1993; Kohno et al. 2002) and 5 times smaller than that usually found in spiral disks (Helfer & Blitz 1995; Kohno et al. 1999) , indicative of a lack of dense molecular cores.
Half a billion years ago, when the two galaxies were closer together, tidal forces would have disrupted such high shear velocities and likely involved higher rates of gas and dust accretion so both the density required for clumps to form would have been lower and the gas supply available would have been more dense, allowing star formation to occur. But as the galaxies drew apart, the tidal forces were reduced and the dense molecular gas was exhausted as it was converted into stars during the galaxy's starburst episode.
This process, recently termed "morphological quenching" by Martig et al. (2009) , occurs naturally within hydrodynamical simulations of galaxy evolution and can be extremely efficient under the right circumstances. Mar- Fig. 20.- The amplitude of the ISRF as a function of stellar mass (left), total gas mass (middle), and dust (right) for NGC 5194 (purple dots) and NGC 5195 (cyan triangles). There is a modest trend for higher ISRF values to be found at higher stellar densities. tig et al. (2009) showed that gaseous molecular disks, even those up to several 10 9 M , are unable to form stars if they are embedded within a sufficiently large gravitational potential such as a bulge dominated galaxy. Star formation will cease even if gas accretion continues. The authors claim that this mode of star formation quenching is important for galaxies in dark matter halos less massive than ∼ 10 12 M and thus an important mechanism for converting L and lower mass galaxies from the 'blue cloud' to the 'red-sequence' and regulating galaxy growth, particularly because other quenching mechanisms such as AGN feedback or gas stripping are only effective in more massive halos. NGC 5195 provides a great nearby laboratory to further understand and validate this star formation quenching mechanism.
CONCLUSIONS
We have fit optical, near-, mid-and far-infrared images of the Whirlpool galaxy system to a large library of stellar and dust spectral energy distribution models. By performing 100 Monte Carlo simulations of the photometry fitted to the models in each pixel, we have obtained maps of output parameters from stellar models generated by the SPS code PEGASE.2 (Fioc & Rocca-Volmerange 1997) and dust model parameters generated by the dust emission model of Draine & Li (2007) . Our images were matched to a common plate scale and spatial resolution defined by a gaussian PSF with a FWHM=28 resolving the galaxy on physical scales of ∼ 1 kpc. Here we summarize the main conclusions of this work:
1. The SPS model fits reveal a burst of star formation occurred in both galaxies roughly 340-500 Myr ago, consistent with dynamical models of the interaction history of the galaxies (Salo & Laurikainen 2000; Dobbs et al. 2010 ) as well as colour-magnitude diagrams of individual stars (Tikhonov et al. 2009 ).
There is little spatial dependence of the burst age and other SFH output parameters, suggesting a resolved SED approach is not necessary at this spatial resolution, corresponding to physical scales of ∼1 kpc. Metallicity and dust attenuation show some radial dependence but were not very well constrained by our method.
2. The dust-to-stellar mass ratio in NGC 5194 is log(M dust /M ) = −2.5 ± 0.2, while NGC 5195 has a magnitude lower mass ratio at NGC 5195 at log(M dust /M ) = −3.5±0.3. Both galaxies are consistent, according to galaxy type, with other galaxies observed with Herschel Smith et al. 2012; Bourne et al. 2012 
APPENDIX
For reference, we show the image processing of the archival data used for our analysis. As described in §2, all images were matched to a common spatial resolution (FWHM=28 ) and platescale (10 pix −1 ). Figures 21 & 22 show the optical images taken from the ancillary catalogue of the SINGS survey (Kennicutt et al. 2003) . The left image is the original image of the galaxy at native resolution prior to any post-processing. The middle panel shows the galaxy after foreground stellar emission is replaced by emission in surrounding pixels. Following this, we are able to match the spatial resolution to the far-infrared images using convolution kernels as described in §2. The far right image shows a normalized residual map which we quantify as in Equation 2.
Most of the optical images are well fit by the modes with the residual images revealing that the models fit the data to within 10%, and thus within their uncertainties. The only image that is not well fit is the Hα image. This image was not used in the fitting routine but since the SEDs include nebular emission, ideally, it should be predicted by the SED models. The predicted nebular emission is reasonable in NGC 5195, which has no star formation, but in NGC 5194, the amount of Hα emission is underestimated. This is primarily because our chosen SFH is too simplistic and only modelled the very old population and the burst population from ∼ 400 Myr ago. A more complex SFH, such as a declining or constant star forming burst, is needed to properly describe the recent star formation occurring in NGC 5194.
The near-infrared images from the 2MASS Large Galaxy Atlass (Jarrett et al. 2003) are shown in Figure 23 . The models lead to small residual images, indicating a good fit to the NIR images. On the other hand, mid-infrared images are not as well fit as shown in Figure 24 . This is primarily because the mid-infrared images at 3.6 and 4.5 µm are not used to fit the SEDs and the emission is being extrapolated from models that have fit on one side of the spectrum the stars and on the other side the dust and PAH emission. Both models combined tend to overestimate the emission at 3.6 and 4.5 µm. More analysis is needed to determine whether the stellar or PAH emission is being overestimated or both. The 5.6 and 8.0 µm images are used to fit the DL07 dust emission SED model. In the nuclear regions of both galaxies, the models are a good representation of the emission, but outside of these regions, the models underestimate the emission. Recalling from the PAH mass fraction map on the right in Figure 10 that in the regions outside of the nuclear region or edges of the galaxies, the PAH mass fraction reaches the highest value permitted by the DL07 models. This is likely the reason why the 5.6 and 8.0 µm are underestimated by the models. A higher PAH fraction is needed to properly describe the observations. At longer wavelengths, just like our Herschel observations shown in Figure 2 , the 24 µm image is accurately described by the DL07 models. (Kennicutt et al. 2003 ) from top to bottom: B,V and Hα. On the left we show the original image at its native resolution in each band and then the processed images after convolution with the beam size of each filter in the bottom right of each panel. Both left and middle panels are in intensity units of MJy sr −1 , whose range is indicated by the gradient on the right of the middle panel. The right column shows the residual image, defined in Eq. 2, between the observed image after it is PSF matched (middle) and a synthetic galaxy image (not shown) generated by the best fitting SED in our analysis. In the bottom row, the observed and processed Hα narrow band image is shown (and includes stellar continuum emission in this band as there was no need to stellar continuum subtract in our analysis). The image was not include in our SED fitting process, but we do show that overall the models -which include nebular emission-underestimate the amount of nebular emission by more than 20%, except in NGC 5195, where the models accurately predict the amount of emission (mostly stellar continuum emission in this case) in the Hα bandpass. (Kennicutt et al. 2003 ) from top to bottom: R and I. As in Figure 21 , the left panel is the original image from the archive and the processed image in the middle, both in MJy sr −1 . The right shows the residual image between the models and observations.. (Jarrett et al. 2003) . As in Figure 21 , the left panel is the original image from the archive and the processed image in the middle, both in MJy sr −1 . The right shows the residual image between the models and observations. (Kennicutt et al. 2003) . As in Figure 21 , the left panel is the original image from the archive and the processed image in the middle, both in MJy sr −1 . The right shows the residual image between the models and observations. The top two images were not used in either fit.
